In situ low-energy electron microscopy was used to study interlayer mass transport kinetics during annealing of three-dimensional (3D) TiN(111) mounds, consisting of stacked 2D islands, at temperatures T between 1550 and 1700 K. At each T, the islands decay at a constant rate, irrespective of their initial position in the mounds, indicating that mass is not conserved locally.
Introduction
NaCl-structure TiN and related transition-metal (TM) nitrides are widely used as hard wearresistant coatings on cutting tools, diffusion-barriers in microelectronic devices, corrosionresistant layers on mechanical components, and abrasion-resistant thin films on optics and architectural glass. Controlling the microstructural and surface morphological evolution of polycrystalline TM nitride films is important in all of these applications. This fact has spurred interest in modeling polycrystalline TM nitride thin film growth [1] , a complex phenomenon controlled by the interplay of thermodynamic driving forces and kinetic limitations, as a function of deposition conditions. Developing a quantitative model, however, requires knowledge of atomic-level processes, site-specific surface energetics, and rate-limiting mechanisms. Recently, considerable progress has been made toward the determination of absolute orientation-dependent step energies, step stiffnesses, and kink energies [2, 3] , as well as identifying the mechanisms controlling the kinetics of two-dimensional (2D) TiN island coarsening/decay (Ostwald ripening) [4, 5] and island shape equilibration on (001) and (111) TiN terraces [6] [7] [8] . Here, we focus on the decay kinetics of 3D TiN(111) mounds, consisting of stacked 2D islands, in order to probe interlayer mass transport mechanisms, step-step interactions, and step permeability on TiN(111) at elevated temperatures.
Experimental studies of the coarsening/decay kinetics of 2D homoepitaxial semiconductor and fcc metal islands stacked in 3D mound geometries indicate that the rate-limiting processes controlling island decay behavior are both qualitatively and quantitatively different from those of isolated islands on terraces [9] [10] [11] [12] [13] . Novel interlayer mass transport mechanisms, including the concerted downward motion of adatoms and site-selective adatom descent have been proposed to explain the observed behavior [14, 15] . Bartelt and co-workers [16, 17] and, more recently, Ondrejcek et al. [18] have found that bulk, rather than surface, mass transport controls surface dynamics at elevated temperatures. The coarsening/decay behavior of 3D mounds, consisting of layer structures in a "wedding cake" configuration, has been studied extensively, both experimentally [9, 12, 16] and theoretically [19] [20] [21] .
In this paper, we present the results of in situ high-temperature (T = 1550-1700 K) lowenergy electron microscopy (LEEM) [22] measurements of the coarsening/decay kinetics of concentrically-stacked 2D TiN adatom islands on TiN(111) terraces. Island areas decrease with annealing time at a constant rate, irrespective of their initial position, indicating that mass is not conserved locally. From temperature-dependent island decay rates, we obtain an activation energy E d of 2.8±0.3 eV. This is significantly lower than the value, 4.5±0.2 eV, for bulkdiffusion-limited growth of TiN(111) spiral steps [23] . Based upon these results in combination with a step-flow model [20, 21] , while accounting for step-step interactions, step permeability (the ability for adatoms to migrate across steps without attaching to them [24] ), and bulk mass transport, we determine that TiN(111) steps exhibit repulsive step-step interactions and that the TiN(111) mounds decay via surface mass transport in the detachment-limited regime combined with high step permeability rates.
Experimental procedure
Epitaxial TiN(111) layers, 2000-Å-thick, were grown on polished Al 2 O 3 (0001) substrates (0.5-mm-thick x 9 mm diameter) at T s = 1050 K in a load-locked multi-chamber ultra-high vacuum (UHV) system using magnetically-unbalanced dc magnetron sputter deposition [25] following the procedure described in Ref. 3 . The back sides of the substrates had previously been coated with 1-µm-thick TiN layers to allow electron-beam heating without substrate decomposition. The TiN(111) samples were transferred to a UHV multichamber LEEM system [26] , with a base pressure of 2x10 -10 Torr, which is equipped with facilities for residual gas analysis (RGA), electron-beam evaporation, ion sputtering, Auger electron spectroscopy (AES), and low-energy electron diffraction (LEED and 4, respectively. We find that the island areas decrease with time at a rate dA/dt, which depends both on the island geometry and the local environment. For example, islands 1 and 2, which have similar geometry, decay at 6.68±0.07x10 4 In order to isolate the rate-limiting mechanisms controlling TiN(111) island decay kinetics at elevated temperatures, we analyzed the decay behavior of 3D mounds consisting of approximately concentrically-stacked island structures. Fig. 3a is a typical BF-LEEM image acquired during annealing a TiN(111) sample at T = 1559 K. We follow the time-and temperature-dependent decay kinetics of several successive layers in the circled region shown at higher magnification in Fig. 3b . This simple configuration allows us to apply an available step flow model [21] , developed following the general approach of Burton-Cabrera-Frank (BCF) [28] , which incorporates step-step interactions, step permeability, and both surface and bulk mass transport.
Figs. 3c-3f are plots of island area A vs. annealing time t for four successive layers at: (c) T = 1559, (d) 1590, (e) 1622, and (f) 1651 K. Note the absence of any significant increase in the areas of lower layer islands during the decay of upper layers. This is the signature of (1) strong step-step repulsion leading to a very stiff step system and/or (2) the absence of local mass conservation. Of the three possible mass transport mechanisms --adatom terrace diffusion across highly permeable steps, exchange with the bulk, and evaporation --that can lead to nonconservation of mass during annealing, we rule out evaporation since TiN is a highly refractory compound (melting point T m = 3200 K and cohesive energy 14 eV) with desorption energies of 8.8 and 10 eV for TiN and Ti adspecies, respectively, from N-terminated TiN(111) [29] .
In the following paragraphs, we describe a step-flow model that accounts for step-step interactions, step permeability, and bulk-mass transport processes. We calculate time-dependent changes in island radii for each of three limiting cases: (1) island decay via surface mass transport across impermeable steps in the absence of bulk mass transport, (2) surface mass transport across permeable steps, and (2) both bulk and surface mass transport across impermeable steps. We then compare the calculated results with experimental data in order to determine the dominant mechanism.
In our model, the i th island of area A i in a given 3D mound is characterized by its average
(i is a running index which increases from the top of the mound to the bottom.) In the absence of net mass change due to deposition, evaporation, and bulk diffusion, the adatom concentration fields between the islands are described by the 2D steady-
where ρ i (r) is the adatom concentration on the i th terrace. A steady-state solution is justified since the time scales associated with equilibration of adatom concentration fluctuations on the terraces are much shorter than those associated with island step motion. We solve Eq. (1) using boundary conditions (given below) which specify adatom fluxes into (or out of) the islands and, hence, determine the rate of change of island radii. Assuming first-order kinetics, the flux boundary conditions at the i th island are
In Eq. (2) 
In deriving Eq. (3), we have assumed (and provide justification below) that 1
For an island in a stack, µ i depends on the island curvature and on elastic and entropic repulsive interactions between nearest-neighbor steps, accounting for which yields the relationship 4 [9, 21, 30] ( ) 
In Eq. (4), the parameter B defines the energy scale and is a measure of the surface equilibrium chemical potential [2] , G is the step-step repulsive interaction strength, and Ω is the unit TiN molecular area. In case of an isolated island on a terrace, Eq. (4) reduces to ¡ £ ¢ , which is valid for anisotropic islands with any arbitrary equilibrium shape and can be used to model island decay kinetics using circular islands having the same area [2] . Since B = 0.23 eV/Å [3] , Ω 
If the steps are permeable (p > 0), however, adatoms can hop across without becoming incorporated at the step edges and mass is not conserved locally. This results in coupling of the adatom diffusion fields on all terraces. Consequently, the equations describing the areal rate of change for the i th island are linked with those describing each of the other islands in the stack and we solve the full equation set.
Adatom transport between the bulk and the surface also leads to local non-conservation of mass. In order to account for this possibility, we follow Ref. [16] and assume that mass exchange with the bulk occurs only near island edges at a rate K bulk . The adatom flux J i from the i th step to the bulk is then given by
where we make the assumption that the bulk chemical potential is at equilibrium. Combining
Eqs. (5) and (6) In defining the initial conditions, we set the total number of islands in the stack to be 20.
Experimentally-measured initial radii r i (t = 0) of the top 4-7 islands (see, for example Fig. 4 and bulk-exchange cases can be understood as follows.
Step permeability by itself does not facilitate mass transport. It must be accompanied by fast surface diffusion in order to significantly violate local mass conservation. For bulk diffusion, this is not the case and local mass conservation is contravened even with a modest value of D s /K d . Table I shows that g increases monotonically with T and that the results are not very sensitive to whether local mass conservation is violated by step permeability or bulk mass exchange.
Using the g values in Table I and assuming, based upon STM measurements reported in Ref. [3] , that the parameter B = 0.23 eV/Å is temperature-independent over the range of the present experiments, we calculate the step-step interaction strengths, g B kT G Overall, we find that the agreement between the experimental data and the calculated results obtained with non-zero K bulk values is better than that obtained with high p/K d values. However, the differences are small and we cannot quantitatively distinguish between the two processes.
Since step permeability, unlike bulk-diffusion, is a surface process and given that bulk-point defects usually have larger formation and diffusion energies than surface adspecies, the energetics controlling island decay should provide additional insights into the controlling mechanism. To this purpose, we measured island decay rates as a function of temperature.
The temperature dependence of the upper-island area decay rates dA 1 /dt is shown in Fig. 5 .
The data set includes 23 islands at four different temperatures between 1550 and 1700 K. This is consistent with the previously reported value of 2.3±0.6 eV determined from STM observations of the decay of large 2D TiN(111) islands on atomically-flat terraces [6] . The fact that we obtain an E d value which is significantly lower than the bulk-mass transport barrier, 4.5±0.2 eV, measured for TiN(111) spiral step growth [23] provides further evidence that the dominant mass transport mechanism is surface, rather than, bulk diffusion. Thus, we attribute the decay of 2D TiN(111) islands in 3D concentric mound structures primarily to the presence of highly permeable steps in the detachment-limited regime. However, we note that the calculated step permeability rates are rather high which suggests that bulk mass transport is also playing a role. Since TiN(111) is known to have a wide single-phase field and can sustain both high anion and cation vacancy concentrations [31] , mass exchange between the bulk and the surface cannot be ruled out. In the presence of a non-equilibrium point defect concentration in the bulk, dA/dt is expected to vary with annealing time and N 2 overpressure [32] . Thus, additional experiments, carried out over extended annealing times, investigating the effects of varying N 2 partial pressures are necessary to quantitatively determine the time-dependence of dA/dt, and hence the contribution due to bulk mass transport.
Summary
In situ high-temperature (T = 1550-1700 K) LEEM was used to study interlayer mass transport kinetics during annealing of 3D TiN(111) mounds consisting of stacked 2D islands. At each T, the islands decay at a constant rate, irrespective of their initial position in the mounds, indicating that mass is not conserved locally. We model the process based upon step flow, while accounting for step-step interactions, step permeability, and bulk mass transport. The results
show that TiN(111) steps are highly permeable and exhibit strong repulsive temperaturedependent step-step interactions that vary from 0.03 eV-Å at 1559 K and 0.76 eV-Å at 1651 K.
From temperature-dependent island decay rates, we obtain an activation energy of 2.8±0.3 eV, which is consistent with the detachment-limited decay of 2D TiN islands on TiN(111) terraces [6] and significantly lower than the bulk-mass transport barrier, 4.5±0.2 eV, measured for TiN(111) spiral step growth [23] . Based upon these results, we suggest that the rate-limiting process controlling the TiN(111) mound is surface, rather than bulk, diffusion in the detachmentlimited regime. 
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